Heterosegmented statistical associating fluid theory is used to represent the density of ionic liquid. Ionic liquid molecule is divided into several groups representing the alkyls, cation head, and anion. The cation of ionic liquid is modeled as a chain molecule that consists of one spherical segment representing the cation head and groups of segments of different types representing different substituents (alkyls). The anion of ionic liquid is modeled as a spherical segment of different type. To account for the electrostatic/polar interaction between the cation and anion, the spherical segments representing cation head and anion each have one association site, which can only cross associate to each other. The parameters for alkyls are obtained from those of the corresponding n-alkanes and the parameters of groups representing cation head and anion, including the two association parameters, are fitted to a group of experimental ionic liquid data. The performance of the model is examined by describing the densities of three important series of imidazolium-based ionic liquids, i.e., [C n 
Introduction
Ionic liquids (ILs) have been the subject of increasing attention due to their unique physicochemical properties such as high thermal stability, large liquid range, high ionic conductivity, high solvating capacity, negligible vapor pressure, and non-flammability that make them ideal solvents for green chemistry. ILs also offer significant cost reduction and environmental benefits because they can be used without losses, in contrast to the volatile organic compounds used nowadays. ILs are often referred to as designer solvents because the cation head, anion, and alkyl chains of an IL can be selected from among a huge diversity to obtain an appropriate IL for a specific purpose.
The designs of industrial processes and new products involving ILs are only possible when the thermophysical properties of ILs are adequately known. A growing number of experimental investigations on IL properties have been reported (Gardas et al., 2007a,b; Tomida et al., 2006 Tomida et al., , 2007a de Azevedo et al., 2005a,b; Tekin et al., 2007; Esperanca et al., 2006 Esperanca et al., , 2008 Jacquemin et al., 2007) , but due to the vast number of ILs that can be tailored the number of experimental investigations needed is less than adequate. Since experimental measurements are usually time-consuming and expensive, it is desirable to have predictive models for calculating the IL properties.
Several thermodynamic models have been proposed to represent the properties of ILs. Excess Gibbs energy models and cubic equations of state, in which an IL molecule was modeled as a single molecular species or assumed to completely dissociate into cation and anion (Simoni et al., 2008; Gardas et al., 2008; Shiflett and Yokozeki, 2007; Shin et al., 2008) , have been investigated. Statistical associating fluid theory (SAFT)-based models were proposed recently, where an IL molecule was modeled as a neutral ion pair with one set of parameters (Karakatsani et al., 2007; Kroon et al., 2006; Andreu and Vega, 2007) . In the models of heteronuclear square-well chain fluids (Wang et al., 2007) , group-contribution non-random lattice fluid equation of state (Kim et al., 2007) , and group contribution equation of state (Breure et al., 2007) , the imidazolium ring-anion pair was modeled as one segment or functional group. As can be concluded from those works, all of these models utilize model parameters that are not completely transferable. Since the types of alkyl substituents, cation head, and anion of ILs are known to affect the properties of ILs, it is still highly desirable to have a model that can predict the properties of ILs based on the information of their alkyl substituents, cation head, and anion. This could be done by using, for example, a heterosegmented SAFT equation of state.
In our previous work, a heterosegmented SAFT, referred to as SAFT1, has been developed to describe the properties of copolymer solutions, which were modeled as molecules having two different segments (Adidharma and Radosz, 1998) . By using the same model, the properties of n-alkanes were also well represented (Adidharma and Radosz, 1998) . We have also developed another version of SAFT, i.e., SAFT2 , which will be extended in this work to describing the properties of ILs. In this first attempt, the densities of three important series of imidazolium-based ILs, i.e., [C n 
Thermodynamic modeling
Generally, IL consists of a large organic cation and a weakly coordinating inorganic or organic anion. The large organic cation consists of a cation head and several alkyls. It has been stated that IL dissociates into cation and anion (Simoni et al., 2008) , but due to the strong interaction between the cation and the anion the IL molecules take the form of ionic pairs. For example, for [bmim] [PF 6 ], it was concluded from quantum-mechanical and molecular dynamics studies that the strong interaction between the cation and the anion, leading to the formation of ionic pairs, was due to hydrogen bonding between the fluorine atom in the anion and the hydrogen atom at C2 in the aromatic ring of the cation (cation head) (Meng et al., 2002; Antony et al., 2004) .
Therefore, in this work, the IL is modeled as a chain molecule representing the cation with a spherical segment representing the anion. The chain molecule consists of one spherical segment representing the cation head of the IL and groups of segments of different types representing different substituents (alkyls). The segments are not necessarily identical with functional groups. The effective number of segments representing the alkyls thus may or may not be an integer. For example, IL [bmim] [PF 6 ], as shown in Fig. 1 − (anion). The cation consists of three groups with different types of segments representing butyl (A), methyl (B), and imidazolium cation head (C). The anion is assumed to be a single segment representing [PF 6 ] − as a whole (D). The spherical segments representing cation head (C) and anion (D) each have one association site, which can only cross associate to each other; the occurrence of ionic pairs due to the occurrence of the hydrogen bonding in addition to the Coulombic interactions between the cation and the anion allows us to lump the electrostatic/polar interactions between the cation and anion together as association interaction. 
Heterosegmented SAFT
The heterosegmented SAFT is defined in terms of the dimensionless residual Helmholtz free energy as follows:
where the superscripts on the right side refer to terms accounting for the hard-sphere, dispersion, chain, and association interactions, respectively. IL molecule is divided into several groups representing the alkyls, cation head, and anion. Similar to the backbone-branch groups approximation (Tan, 2004 ) (a simplified group contribution approach), for this heterosegmented SAFT, each group has five parameters, i.e., segment number m, segment volume v oo , segment energy u/k, the reduced range of the potential well , and group bond number n B , which is the effective number of bonds contributed by the group and used to calculate the bond fraction in the chain term. Unlike cation, the anion of IL is represented by a single spherical segment, not a chain molecule, and thus its group bond number is zero (no chain term for the anion). The mixing rules for parameters v oo , u, and are the same as those in our previous work (Ji and Adidharma, 2007) . In addition to these parameters, the groups representing cation head and anion also have two association parameters, i.e., the well depth of the association site-site potential and the parameter related to the volume available for bonding . The association interaction can only occur between two different association sites (cross association).
The hard-sphere, dispersion, and chain terms have been described in our previous work (Ji and Adidharma, 2007) . The association term for homosegmented molecule is extended to heterosegmented molecule as follows:
where X i is the mol fraction of component i, n( i ) is the number of association sites on segment in molecule i, and X A i is the mole fraction of molecule i not bonded at side A of segment calculated from
In Eq. (3), n is the number density and
where ( ) and the pair distribution function of hard-sphere segments g hs have been described in our previous work (Ji and Adidharma, 2007) , and
In Eq. (6), is the diameter of segment , N Av is the Avogadro number, and the superscript A i B j denotes the cross association parameter between site A on segment in component i and site B on segment in component j.
To capture the effect of temperature on the properties of ILs, we allow the segment energies for the groups representing cation head and anion to be temperature-dependent with the following expressions:
where T is the temperature in Kelvin, and c 1 , c 2 , and c 3 are coefficients.
Parameter estimation
To represent the properties of ILs with the heterosegmented SAFT, the parameters of groups representing alkyls, cation head, and anion are required. In the works that have been done (Wang et al., 2007; Adidharma and Radosz, 1998) , the parameters of alkyls were approximated by those of the corresponding n-alkanes, which implies that the properties of alkyls were assumed to be the same as those of the corresponding n-alkanes. This is of course untrue, especially for shorter alkyls. In this paper, a method used in backbone-branch groups approximation (Tan, 2004 ) is implemented to estimate the parameters for alkyls. The parameters for groups representing cation head and anion, including the two association parameters, are fitted to a group of experimental IL data.
Parameters for alkyls
In the backbone-branch groups approximation (Tan, 2004) , a n-alkane molecule is assumed to consist of two alkyl groups, i.e., one methyl group and the balance group, for example: ethane consists of two methyl groups; propane consists of one methyl and one ethyl group, n-pentane consists of one methyl and one butyl group; etc. The sum of m of these two alkyl groups gives the effective number of segments of the n-alkane and the sum of n B of these two alkyl groups gives the effective number of bonds (m-1) of the n-alkane. The m-weighted average of parameters v oo , u/k, and of these two alkyl groups gives the parameters of the n-alkane. Thus, the parameters for these alkyl groups can be estimated directly from those for n-alkanes, which are taken from our previous work . Specifically, the parameters of methyl are obtained from those of ethane. Since the ethane molecule consists of two methyl groups, the parameters v oo , u/k, and of a methyl group are identical to those of ethane, while its number of segments m is equal to 
where n is the number of carbons. The other parameters of alkyls obtained in this work are listed in Table 1 . We plot the parameters of v oo , u/k, and against the molecule weight (MW), as shown in Fig. 2 . As expected, the parameters are well behaved and can be represented by the following equations: Table 1 ;-, Eq. (9).
These equations provide a basis for estimating parameters for longer alkyls.
Parameters for groups representing cation head and anion
The parameters for groups representing cation head and anion, including the two association parameters, are fitted to a group of experimental IL data. At the temperature and pressure of interest, most of ILs have very low or negligible saturation vapor pressures and, to the best of our knowledge, no reliable experimental measurements of saturation vapor pressure are available. Therefore, only experimental liquid densities of ILs are used in parameter fitting.
The have been extensively investigated. For some of those ILs, several groups of experimental data are available from different research groups. In parameter fitting, we choose the experimental data from the research group of Ferrira (Gardas et al., 2007a,b) because of their extensive experimental work on the ILs of interest and the wide temperature range of the data. For BF 4 and PF 6 series of ILs, the experimental data from Yokoyama group (Tomida et al., 2006 (Tomida et al., , 2007a are included because of the wide pressure range of the data. In addition, the liquid density data for [C 4 The experimental data used for parameter fitting are summarized in Table 2 . The fit results for the parameters are listed in Table 3 where c 1 , c 2 , and c 3 are the coefficients in Eq. (7). We find that Eq. (7) with the obtained coefficients yields segment energy that is reasonable at least from room temperature up to 450 K. Of course, beyond this temperature range, one should use Eq. (7) with care. The average relative deviation (ARD(%) = N i=1 (| exp − cal |/ exp )100/N where N is the number of data points) is 0.21%. The extent of deviation at different temperatures and pressures is shown in Fig. 3 . As shown in Fig. 3 , the relative deviation is less than 0.6% for most of the data points. The largest relative deviation is 1.08% for the data point of [C 4 mim][PF 6 ] from Tekin et al. (2007) at 398.15 K and 7.3 bar.
The ARD for each IL is summarized in Table 2 where ARD 1 represents the deviation based on the data points used in parameter fitting. As shown in Table 2 , the ARD 1 is less than 0.3% for most of (Gardas et al., 2007b) at 293.15, 333.15, and 393 .15 K is also depicted in Fig. 4 . At high temperatures, the model agrees well with the experimental data, while at low temperatures, the calculated results are lower than the experimental data with the largest deviation of 0.61% at 293.15 K and 1.0 bar.
For the other ILs, the ARD 1 is always less than 0.3% suggesting the agreement of the model with the experimental data. Fig. 5 also shows Tekin et al. (2007) . At 298.15 K, the model agrees well with the experimental data. At 348.15 K, the calculated results are slightly higher at low pressures and slightly lower at high pressures than the experimental data. At 398.15 K, the calculated results show obvious discrepancies at low pressures. The deviation at 398.15 K and 7.3 bar is 1.08%, which is the largest deviation for the whole data points used in parameter fitting.
However, for the same IL, as shown in Fig. 6 , the model agrees well with the experimental data of Tomida et al. (2006) at temperatures up to 353.15 K and 200 bar. This means that the experimental data of Tekin et al. (2007) and Tomida et al. (2006) are inconsistent at least around 348 to 353 K. Unfortunately, there is no other experimental data available at temperatures higher than 353.15 K and, thus, we are unable to verify the accuracy of the experimental data of Tekin et al. (2007) at high temperatures. Fig. 6 also shows (Gardas et al., 2007b; Tomida et al., 2007a) and they agree with the calculated results. Fig. 7 shows the comparison of the calculated and experimental liquid densities for some Tf 2 N series ILs. The model agrees well with the experimental data throughout the whole range of temperature and pressure. 
Model prediction
As mentioned earlier, the liquid densities for the ILs studied have been determined extensively. Gardas et al. (2007a,b) measured the liquid densities of imidazolium-based ILs extensively at temperatures from 293.15 to 393.15 K, but only data points at 293. 15, 313.15, 333.15, 353.15, and 393 .15 K are used in parameter fitting. The model with the parameters obtained is then initially used to calculate the liquid densities at other temperatures to investigate its interpolation capability. The calculated results are compared with the experimental data of Gardas et al. (2007a,b) at all temperatures. The average relative deviation of this comparison is given in Table 2 as ARD 2 . ARD 2 s have similar values to ARD 1 s for all the investigated ILs, which means that the model is reliable to represent the densities of these ILs at temperatures from 293.15 to 393.15 K.
For the IL series investigated in this work, the experimental liquid densities at higher pressures have been measured by other research groups. Fig. 8 to predict the liquid densities for these two ILs at pressures up to 600 bar. 
Conclusion
Heterosegmented statistical associating fluid theory is used to represent the density of ionic liquid. Ionic liquid molecule is divided into several groups representing the alkyls, cation head, and anion. The cation of ionic liquid is modeled as a chain molecule that consists of one spherical segment representing the cation head and groups of segments of different types representing different substituents (alkyls). The anion of ionic liquid is modeled as a spherical segment of different type. To account for the electrostatic/polar interaction between the cation and anion, the spherical segments representing cation head and anion each have one association site, which can only cross associate to each other. Each group has five parameters, i.e. segment number m, segment volume v oo , segment energy u/k, the reduced range of the potential well , and group bond number n B . In addition to these five parameters, the groups representing cation head and anion also have two association parameters, i.e., the well depth of the association site-site potential and the parameter related to the volume available for bonding .
The parameters of alkyls are obtained from those of the corresponding n-alkanes by implementing a method used in backbonebranch groups approximation. The parameters of alkyls are found to be well behaved and well represented by simple equations, which provide a basis for estimating parameters for longer alkyls. The parameters of the groups representing cation head and anion, including the two association parameters, are fitted to a group of experimental IL data. The segment energy parameters for the cation head and anion are allowed to vary with temperatures.
The performance of the model is examined by describing the densities of three important series of imidazolium-based ILs, i.e., [C n . From experimental data, the density of these ILs increases with decreasing temperature, decreasing carbon number in alkyls, and increasing pressure, but the effect of pressure is much less than that of temperature. With a set of parameters for alkyls, imidazolium cation head, Tf 2 N − , BF − 4 , and PF − 6 , the model is found to well represent the densities of these ILs from 293.15 to 415 K and up to 650 bar, and well capture the effects of temperature, pressure, and alkyl types on density.
